Abstract-The Sahara desert includes large expanses of sand dunes called ergs. These dunes are formed and constantly reshaped by prevailing winds. Previous study shows that Saharan ergs exhibit significant radar backscatter ( ) modulation with azimuth angle ( ). We use measurements observed at various incidence angles and from the NASA Scatterometer (NSCAT), the SeaWinds scatterometer, the ERS scatterometer (ESCAT), and the Tropical Rainfall Measuring Mission's Precipitation Radar to model the response from sand dunes. Observations reveal a characteristic relationship between the backscatter modulation and the dune type, i.e., the number and orientation of the dune slopes. Sand dunes are modeled as a composite of tilted rough facets, which are characterized by a probability distribution of tilt with a mean value, and small ripples on the facet surface. The small ripples are modeled as cosinusoidal surface waves that contribute to the return signal at Bragg angles only. Longitudinal and transverse dunes are modeled with rough facets having Gaussian tilt distributions. The model results in a response similar to NSCAT and ESCAT observations over areas of known dune types in the Sahara. The response is high at look angles equal to the mean tilts of the rough facets and is lower elsewhere. This analysis provides a unique insight into scattering by large-scale sand bedforms.
I. INTRODUCTION

D
ESERTS comprise more than 20% of the world's land surface [1] . Deserts consist of diverse terrains primarily classified as rocky mountains, small-and large-scale-gravel zones, and vast sand-seas called hamadas, regs, and ergs, respectively. Ergs constitute more than a quarter of the global desert surface [2] . The Sahara desert is the largest desert and one of the most inhomogeneous regions on the earth [3] . The ergs of the Sahara consist of large sand-dune fields that are variable due to the wind action. Aeolian processes such as wind erosion and sediment transport continue to reshape the dune fields, which in turn govern the near-surface wind patterns, thus resulting in diverse and dynamic bedforms [4] . Aeolian bedform research is relatively recent. The first detailed analysis of erg geomorphology is presented in [5] . A detailed history of aeolian bedform research is presented in [1] and [2] .
Satellite microwave earth remote sensing has proven to be a very useful tool for studying various earth phenomena. Scat- terometers measure radar backscatter of the surface at various incidence and azimuth angles. These measurements are used operationally to map surface wind fields over the ocean [6] . Land and ice measurements have been used to study vegetation dynamics and ice characteristics over extended regions like the Amazon rain forest and Antarctic ice sheets [7] - [9] .
Radar backscatter depends upon the geometrical and dielectric properties of the surface and varies with the look geometry. We use measurements, as function of and , to study the sand surface geomorphology. The measurements over ergs from the Ku-band NASA Scatterometer (NSCAT) [6] , SeaWinds Scatterometer (QSCAT) [10] , Tropical Rainfall Measuring Mission's Precipitation Radar (TRMM-PR) [11] , and C-band ERS Scatterometer (ESCAT) [12] , are used to study the surface characteristics. The key characteristics of sensors used are summarized in Table I. A simple composite model for radar backscatter from sand dunes consisting of facets and small surface ripples is proposed. The facet model relates the surface response to the weighted sum of responses from dominant facets on the surface. Scattering from small ripples is modeled as Bragg scattering where the ripples are modeled as cosinusoidal surface waves. The amount of area covered by different facets is used to identify the type of dunes.
In this paper, we review the surface roughness hierarchy of ergs in Section II, including classification of dune shapes based upon the prevailing wind regimes and sand characteristics. In Section III, we present two simple models to relate the scatterometer backscatter to surface orientation probability distributions termed as tilt distribution and surface ripple distribution. Section IV shows the results of the forward projection of the proposed model over simulated surfaces. The results are summarized in Section V.
II. ERG MORPHOLOGY
Erg bedform morphology depends upon the grain size distribution of the inherent material. Sand is generally defined as particles 0.0625-2.0 mm in diameter [13] . The proportion of different particles and mixing of clay particles play an important role in the aeolian transport. Ergs consist of a hierarchy of aeolian bedforms consisting of three components called ripples, dunes, and draas. Some erg areas also exist as sand sheets with no dominant dunes. Some sand sheets have small-scale ripples due to wind action. Under the action of wind, sand grain entrainment and deposition result in surface undulations in the form of surface ripples. local wind variations that can indicate short-term changes in the wind direction.
Dunes are formed by sand deposition in the lee of a rock or a bush over extended periods of time. They occur in various forms depending upon the prevailing wind regimes and available sand material. Dunes have 3-600 m wavelength and 0.1-100 m amplitude. Most dunes include at least one slip-side that is formed by the sand sliding from the dune summit and has a slope equal to the angle of repose of sand (30 to 35 ). There may be other sides that have shallower slopes than the slip-side. The number of sides and their slopes are used to characterize the type of the dune [4] .
Erg bedform hierarchies depend upon both sand and wind characteristics, including the wind speed and direction and their annual variabilities. The annual distribution of the wind direction may be characterized as narrow or wide unimodal, acute or obtuse bimodal, or complex (multimodal) based on its directional variability over time. Narrow unimodal, wide unimodal, and acute bimodal wind direction distributions result in transverse dunes where the dune axis is perpendicular to the average wind direction as shown in Fig. 1(a) . The downwind side is a slip-side whereas the upwind side, called the windward-side, has a slope of 10 to 15 . For a limited supply of sand mass, similar wind regimes result in crescent-shaped dunes (Barchans) shown in Fig. 1(b) . Obtuse bimodal wind direction distributions form longitudinal dunes [ Fig. 1(c) ] that have axes almost parallel to the average wind direction. Such dunes are characterized by two slip-sides, one on each side of the central ridge. Both transverse and longitudinal dunes can extend to a few kilometers and occur in the form of dune fields with interdune flat areas. Complex wind direction distributions result in complex dune formations. The most common formation is called a star or pyramidal dune [ Fig. 1(d) ], which has multiple limbs extending from a summit. Complex winds can also result in the complex forms consisting of mixtures of the simpler dune forms [13] . Thirteen sites in various ergs of the Sahara desert that include transverse, longitudinal, and complex dune types are selected to study the response from different dune shapes. A map showing the selected sites is presented in Fig. 2 . The site information is extracted from [13] .
III. SURFACE BACKSCATTER MODEL
The total backscattering coefficient from the sand as a function of incidence and azimuth angle is modeled as (1) where is surface scattering in the , direction, and is volume scattering as a function of incidence angle. The model is shown pictorially in Fig. 3 . The volume scattering component results from incident electromagnetic waves that have penetrated into the subsurface. Sand material generally has a very low dielectric constant, and this allows the electromagnetic waves to penetrate as deep as the parent bedrock, depending on the moisture content of the sand. Scattering from the subsurface is primarily caused by the sand particles, which are assumed to be homogeneous and result in isotropic backscattering. A simple volume scattering model presented in [14] is used to estimate the volume backscatter contribution. We use nominal values for the model parameters, e.g., the number density of sand particles of 4000 particles/cm , a cross section per scatterer of dB/particle, and an attenuation coefficient of 0.05 dB/cm. With these values, the sand volume scattering contribution is estimated to be small ( 5 dB or less) relative to the total scattering so that we can ignore the volume scattering component and model the return backscatter as the contribution from only the sand surface.
Surface scattering is predominantly due to the geometric characteristics of the surface. The erg surface profile has two main spatial frequency components, corresponding to the two predominant land features. The low spatial frequency (wavenumber) components are due to large-scale dunes, whereas the high-wavenumber components are due to small ripples on the surface of the dunes. Following the two scale approach used for ocean waves [15] , the surface scattering coefficient can be decomposed into separate surface scattering components from dunes and ripples, i.e., (2) where is the surface scattering from large-scale dunes, and is the surface scattering from smallscale ripples on the dunes, which is affected by local tilt. and are the contributions from lowand high-frequency vertical variations of the surface, respectively. Observations suggest that is dominated by Bragg scattering that occurs at discrete and . The look directions at which Bragg scattering occurs are dependent on the spectrum of the small-scale ripples.
We model the sand surface as a composite of tilted rough facets with cosinusoidal ripples (corresponding to the small ripples). Fig. 4 depicts one such tilted rough facet. denotes the rough facet unit normal vector that is oriented in the direction in spherical coordinates. The rough facet is characterized by a probability distribution of tilt with a mean . denotes the incident wave vector with a wavelength and wavenumber . It is represented by ( , , ) in spherical coordinates where and are the incidence and azimuth angles of the incident wave.
is a unit vector in the direction of the projection of on the facet. The incidence angle of is called grazing angle , which depends on facet tilt and sensor azimuth angle . For , the facet is not illuminated. represents the wave vector of the surface cosinusoidal ripples with wavelength and wavenumber . ( , , ) are the spherical coordinates of . is always perpendicular to . Vectors , , and define the sensor-surface geometry. The transformation to the local or natural coordinate system of the tilted facet gives us the local incidence and azimuth angles of the sensor. The derivation of , , and is given in the Appendix. Models for both large-and small-scale surface scattering are described in Sections III-A and III-B.
A. Rough Facet Model
In order to model the backscatter from large-scale erg surface features (i.e., dunes), we adopt the general scattering model presented in [16] . The average copolar scattering coefficient is expressed as a function of and given by (3) where is the generic response from the target surface as a function of azimuth angle and local incidence angle . and are surface slopes in global and axis direction, respectively. The primed variables are in the local coordinate system defined by and axis in the wind flow and sensor direction, respectively.
is the joint probability function of the surface slope in the direction and direction . The joint probability distribution is modeled as a function of incidence angle. This model is also described in [17] and [18] . A similar equation has been used in [19] for a two-scale model of polarimetric emissivity. We modify this model to use the probability density function of the surface tilt angles. The backscatter from a single rough facet is modeled as (4) where the integration is over all possible tilts in the upper hemisphere.
is the tilt distribution of the facet, and is the flat surface response of the sand material. and are local incidence and azimuth angles for each facet, respectively.
is the facet grazing angle, and is a unit step function that results in zero response when . The sand dune field is modeled as a composite of tilted rough facets. The component of the scatterometer measurement is the sum of the returns from all the rough facets in the footprint. It is given by (5) where the summation is over all facets in the footprint, and is the fraction of the footprint area covered by the th rough facet.
is the tilt distribution of the th rough facet. The model states that the returned power from the dune field, when an electromagnetic wave is incident from the and direction, is the sum of the contributions from all the surface slopes oriented to contribute to the return signal within the beam-illuminated area. The unit step function assures zero return when a tilted facet is not illuminated.
We use NSCAT V-pol and TRMM-PR measurements to estimate the flat surface Ku-band response of the surface. For a flat surface, the sensor incidence angle and local incidence angle have the same value, i.e.,
. Moreover, the response is independent of and can be written as . NSCAT V-pol observations are made over a 17 to 62 incidence angle range at ten azimuth angles, whereas TRMM are at near-nadir 0 to 17 incidence angles and have very narrow azimuth angle range. Fig. 5(a) shows for NSCAT V-pol and TRMM-PR measurements over location 9 (see Fig. 2 ). The quadratic fit through the data is used to represent the flat surface response with no dependence on . Lacking measurements for , a quadratic rolloff is assumed at grazing angles . Fig. 5(b) shows the azimuth angle response of that has been corrected for incidence angle dependence.
In general, it is difficult to determine the probability distribution of the surface angles. However, by modeling sand dunes as composed of a finite number of rough facets, an estimate of the probability distribution can be made. For example, a transverse dune with a slip-and a windward-side can be modeled as two rough facets tilted at (30 to 35 , ) and (10 to 15 , ) mean tilt, respectively. A third facet at (0 , 0 ) accounts for interdune flat area in dune fields.
Lacking a better model, we assume the surface tilt distribution to be Gaussian. If represents a vector whose elements are the tilt angles of the facet, then a two-dimensional Gaussian distribution for the surface tilt is given by (6) (7) (8) where and are the mean values of and , and and are their standard deviations, respectively.
is the covariance of and .
B. Cosinusoidal Ripple Model
The shape of the small-scale ripples depends upon the angle of repose of the inherent material. The ripples are periodic in the wind direction and are skewed, resulting in two distinct sides. The downwind side is steeper than the windward side. The spectrum of sand surface ripples are narrowband. Thus, ripples are modeled as a cosinusoidal wave. The wavelength of the cosinusoid corresponds to the dominant wavelength of the ripple spectrum. The near-surface wind direction changes rapidly over the undulating sand dune surface, inducing local variabilities in the ripple direction. In this paper, we treat ripples as not having any directional variability.
The scattering from periodic surfaces results in enhanced response at discrete directions called Floquet modes. The derivation of the scattering amplitudes and directions of the modes is presented in [20] and is applied in the model proposed here. The resulting Bragg scattering coefficient is a function of the surface orientation, surface ripple characteristics, incident wave characteristics, and the Floquet mode considered. It can be written as where is the surface wave amplitude, and is the Floquet mode. denotes the polarization of the incident wave.
is computed using incident and backscattered power, which are given in [20, 
The scattering from the sand surface ripples is modeled using Bragg scattering theory. The derivation of Bragg backscattering look directions for a given surface tilt and cosinusoidal ripple is given in the Appendix. For a surface geometry given by and , the incident wave vector that results in Bragg backscattering obeys conditions given by (9) The first condition means that lies in the plane formed by and , i.e., the incident wave is directed along the direction of periodicity. The second condition is equivalent to specifying the Bragg incidence angles on a flat surface. The solution of these two equations is given by (10) where is the incident wave vector that results in backscatter of the th Floquet mode. The backscatter response from a cosinusoidal surface ripple is (11) where the delta function in the model assures that only modes in the backscatter direction contribute. Zero-mode Bragg backscattering direction occurs when . Bragg backscattering from surface ripples occurs only at discrete points in the -space, which are symmetric about the zero-mode direction. The Bragg backscatter directions closer to the zero-mode direction have a relatively higher backscattering return that decreases at higher local incidence angles. Fig. 6 shows the backscattering response from cosinusoidal ripples over a tilted facet. The zero-mode corresponds to and . The high-magnitude Bragg backscattering directions occur close to the zero-mode point, as shown in Fig. 6 . Thus, NSCAT and ESCAT at incidence angles higher than 15 have a higher contribution from the ripples on tilted facets.
The sand ripples are periodic and band limited; hence, the total backscatter for surface cosinusoids is (12) where and are the th surface cosinusoidal ripple's wave vector and amplitude, respectively. 
IV. ROUGH FACET MODEL SIMULATION
In this section, we present model simulations over simple dunes, i.e., transverse and longitudinal dunes. First, we illustrate the result for a single rough facet. Fig. 7 shows the modeled backscatter response from a single rough surface facet with a Gaussian tilt distribution with , , , and . Although covariance between and is related through the wind characteristics and the grain distribution, in the present analysis we assume and are uncorrelated in order to keep the simulation simple. The used is the quadratic fit and extension from Fig. 5 . The simulated response peaks when and and thus clearly reflects the facet characteristics. The standard deviations of the tilt angles affect the height of the peak and gradient in its vicinity. The parabolic bite at high incidence angles corresponds to directions beyond the grazing angle of the facet and hence do not result in any backscattering. 
A. Longitudinal Dune
A longitudinal dune has two opposite slip-sides. The slipsides have a slope equal to the angle of repose of the parent sand, which is nominally taken to be 30 to 35 and corresponds to a mean tilt angle of . The azimuth orientation of the two slip-sides are, in general, separated by 180 .
In order to model the longitudinal dune field, we analyze the and responses observed by NSCAT, ESCAT, and QSCAT. Fig. 8 illustrates the azimuth angle modulation of observations at location 11 (17.5 N, 15 .35 W). NSCAT and ESCAT give similar results in which the two maxima correspond to the orientation of the two slip-sides of the longitudinal dune. The two maxima are separated by approximately 180 in azimuth. The NSCAT and ESCAT incidence angles in Fig. 8 result in normal local incidence angle observation of the slip-sides at the azimuth angles of the graph maxima. Since these slip-sides are a result of an average wind direction parallel to the axis of the dune, the wind direction producing this dune lies between the two peaks with an ambiguity of 180 . The ESCAT is lower than NSCAT due to its longer wavelength, resulting in greater penetration and thus higher loss. QSCAT has reduced modulation because of its high incidence angle, which does not result in normal incidence angle observation of the slip-sides.
The effect of slip-sides in the observed is further confirmed by analysing the response at the azimuth angles corresponding to the maxima in azimuth modulation. Fig. 9 presents such plots for both ESCAT and NSCAT measurements. The data are fit with a nonparametric line curve. A rise in the measurements in the 30 to 35 incidence angle range is observed, particularly in Fig. 9(a) and (c) .
The analysis of and responses from the observed data confirms that the behavior can be explained by considering the sides of the longitudinal dune as rough facets. We model the longitudinal dune field as two tilted rough facets and a flat rough facet between parallel dunes. Fig. 10 shows the correspondence between a typical longitudinal dune and the rough facet model. The two rough facets have mean tilts ( , ) and ( , ), and the third rough facet with mean tilt (0 , 0 ) (flat) is used to represent the interdune space in a longitudinal dune field. All of these facets are modeled with a Gaussian tilt distribution. The fraction of the footprint covered by each slip-side is the same due to the symmetry of the longitudinal dunes, and hence, the flat rough facet covers a fraction of the footprint. In order to apply (5) as a forward model, we interchange the order of integrations and summation to obtain (13) where is the weighted total of the tilt distributions of the dominant facets in the footprint. Fig. 11(a) shows the cumulative tilt distribution for the modeled longitudinal dune field. The two peaks at (30 , 60 ) and (30 , 240 ) are due to two slip-sides with equal weights of 25% and the third long peak corresponds to the flat rough facet (0 , 0 ) with a 50% weight. The response for this tilt distribution is shown in Fig. 11(b) where is computed from NSCAT and TRMM data at location 11, similar to Fig. 5 . The presence of three dominant facets shows up in the modeled response in the form of peaks. This result is consistent to the observations made by NSCAT [ Fig. 11(c) ] and ESCAT [ Fig. 11(d) ] over the areas of longitudinal dune fields in the Sahara. The mesh of NSCAT and ESCAT response is prepared by using the versus observations at each sample and fitting the data with a nonparametric curve similar to Fig. 9 . The line fits for different directions are then connected at regular intervals to achieve the mesh plots in Fig. 11(c) are the responses due to the two slip-sides of the longitudinal dunes in the footprint. Since the slip-sides have slopes nearly equal to the angle of repose, they are almost devoid of any surface ripples.
B. Transverse Dune
A typical transverse dune has two sides, a slip-side similar to longitudinal dunes and a windward-side, which is opposite to the slip-side in azimuth and has a slope of 10 to 15 . Fig. 12 shows plots for NSCAT, ESCAT, and QSCAT over a transverse dune field at (17.5 N, 9.3 W). The single maximum corresponds to the single slip-side of a transverse dune. In this case, the azimuth angle corresponding to this maximum is the mean wind direction that produces this dune field. Fig. 13 shows modulation over the slip-and windwardside of a transverse dune from NSCAT and ESCAT observations. The slip-side response has a rise in in the incidence angle range of 30 to 35 similar to the longitudinal slip-side. This observation is consistent in both Ku-and C-band data. Since the slope of the windward-side is lower than the slip-side, it results in a similar rise at incidence angles of 10 to 15 (not observed by scatterometers). The geometry of the transverse dunes suggests that the ratio of windward-and slip-side area is in the range 2.2-2.8 and that the flat area fraction is . Fig. 15 (a) shows the cumulative tilt distribution for the modeled transverse dune field. The two peaks at (30 , 60 ) and (12 , 240 ) are due to slip-and windward-side with weights of 15% and 35%, respectively. The third long peak corresponds to the flat rough facet (0 , 0 ) with 50% weight. The response for this tilt distribution is shown in Fig. 15(b) where is computed from NSCAT and TRMM data at location 8, similar to Fig. 5 . The presence of three dominant facets shows up in the modeled response in the form of peaks. This result is consistent with observations made by NSCAT [ Fig. 15(c) ] and ESCAT [ Fig. 15(d) ] over areas of transverse dune fields in the Sahara. The observations are similar to longitudinal dunes but have only one slipside response. However, unlike longitudinal dunes, there is a peak 180 in azimuth from the slip-side at higher incidence angles. This peak is due to Bragg Scattering from the small-scale ripples on the windward-side of the transverse dune.
The model simulation results for both longitudinal and transverse dune fields significantly resemble the scatterometer observations. This is further confirmed by the consistent response from the two scatterometers operating at different frequencies. The results can be extended to more complicated dunes where the number of facets increases and facet orientation is more variable. Crescent-shaped barchan's facets have the same tilts as transverse dunes but with higher variance. The high variance reflects the directional variability of the tilted facets in the form of the curvature of Barchan slip-and windward-side.
Star dunes, due to multiple limbs extending in various directions, result in increased variability with the look direction. Sand sheets without dunes show negligible azimuth angle modulation and have linear incidence angle response (in decibel scale). Observations show that the incidence angle response becomes more quadratic with increasing thickness of the sand layer.
C. Summary
The electromagnetic scattering from erg surfaces is modeled as composed of scattering from large-scale dunes and smallscale ripples. The dunes are modeled as composed of tilted rough facets. The total scattering due to dunes is the sum of scattering from all of the rough facets in the footprint weighted by the fraction of their area in the footprint. Small-scale ripples are modeled as cosinusoidal ripples that scatter the incident electromagnetic waves in discrete directions called Floquet modes. The backscattering from the cosinusoidal ripples occurs in the directions that have Floquet modes directed toward the sensor. The total backscattering response of surface ripples is the sum of scattering from all of the surface components.
We model longitudinal and transverse dune fields as composed of three dominant rough facets. Two of these facets correspond to the two slip-sides in the case of longitudinal dunes. For transverse dunes, they correspond to windward-and slip-side. The third facet is flat and accounts for the interdune flat area. The proposed rough facet model is applied to the modeled dune fields. The results indicate a strong signature of the rough facets in the backscatter response. The look directions at which the peak value occurs give the mean tilt of the facet. The simulation results are similar to NSCAT and ESCAT observations over the Saharan longitudinal and transverse dune fields.
V. CONCLUSION
Ergs represent diverse and dynamic parts of the Sahara that undergo a continuous surface reformation due to wind action. Ergs have two scales of surface features. The large-scale features are dunes with dimensions ranging from meters to a few hundred meters. The small-scale features are surface periodic ripples with wavelengths from a few to tens of centimeters.
It is found that an erg surface modulates the Ku-and C-band measurements with the look direction. The incidence angle modulation reflects the presence of slip-sides on the surface in the form of a slight rise in backscatter at the incidence angles equal to the angle of repose of sand. At these incidence angles, the azimuth modulation indicates the number of slip-sides present that can be used to identify the transverse and longitudinal dunes. This can be used to determine the average wind direction in the area.
APPENDIX
This appendix summarizes the derivation of geometric relations between the local incidence, azimuth, and grazing angles of a tilted rough facet. The view directions of a cosinusoidal wave on the rough facet that result in Bragg backscattering are also derived.
Consider a rough facet that has a unit surface normal vector and cosinusoidal surface wave with period represented by where (see Fig. 4 ). Let the electromagnetic wave with a wave vector be incident on the surface. Here, with being the wavelength of the incident wave. Fig. 4 also depicts spherical angles of these vectors relative to the principal coordinate system ( , , ).
A. Local Incidence and Azimuth Angles
The local normal vector and incidence wave vector are (14) (15) The slopes of the surface in and directions are given by (16) (17) where the inverse relationship is given by (18) (19) We define the local coordinate system ( , , ) as 
C. Bragg Look Directions
A periodic surface causes the incident wave to be scattered in discrete directions called Floquet modes [20] . For Bragg backscattering to occur, there must be a Floquet mode in the direction of the sensor. This condition can be written in vector form as (i.e. vectors must be coplanar) (32) (33) For a rippled rough surface facet geometry specified by and , we can find all look directions that result in Bragg backscattering. Here, represents the Floquet mode that is backscattered. Multiplying (32) and (33) by and , respectively, and then subtracting the two we obtain 
The null cross product indicates that the two vectors are colinear, and hence, one can be written as a scalar multiple of the other as and the Bragg backscattering direction as , where is some scalar. can be found using the fact that ; hence (37) Thus, the Bragg backscattering directions can be written as (38) 
